LG, Joles JA, Verhaar MC, Cramer MJ, Goldschmeding R, Tilburgs C, Gaillard CA, Doevendans PA, Braam B. Subtotal nephrectomy plus coronary ligation leads to more pronounced damage in both organs than either nephrectomy or coronary ligation. Am J Physiol Heart Circ Physiol 302: H845-H854, 2012. First published December 2, 2011; doi:10.1152/ajpheart.00261.2011.-Coexistence of chronic kidney disease (CKD) and heart failure (HF) in humans is associated with poor outcome. We hypothesized that preexistent CKD worsens cardiac outcome after myocardial infarction, and conversely that ensuing HF worsens progression of CKD. Subtotally nephrectomized (SNX) or sham-operated (CON) rats were subjected to coronary ligation (CL) or sham surgery in week 9 to realize four groups: CON, SNX, CON ϩ CL, and SNX ϩ CL. Blood pressure and renal function were measured in weeks 8, 11, 13, and 15. In week 16, cardiac hemodynamics and end-organ damage were assessed. Blood pressure was significantly lower in SNX ϩ CL vs. SNX. Despite this, glomerulosclerosis was more severe in SNX ϩ CL vs. SNX. Two weeks after CL, SNX ϩ CL had more cardiac dilatation compared with CON ϩ CL (end-diastolic volume index: 0.28 Ϯ 0.04 vs. 0.19 Ϯ 0.03 ml/100 g body wt; mean Ϯ SD, P Ͻ 0.001), although infarct size was similar. During follow-up in SNX ϩ CL, ejection fraction declined. Mortality was only observed in SNX ϩ CL (2 out of 9). In SNX ϩ CL, end-diastolic pressure (18 Ϯ 4 mmHg) and tau (29 Ϯ 9 ms), the time constant of active relaxation, were significantly higher compared with SNX (13 Ϯ 3 mmHg, 20 Ϯ 4 ms; P Ͻ 0.01) and CON ϩ CL (11 Ϯ 5 mmHg, 17 Ϯ 2 ms; P Ͻ 0.01). The diameter of small arterioles in the myocardium was significantly decreased in SNX ϩ CL vs. CON ϩ CL (P Ͻ 0.01). Urinary excretion of NO metabolites was significantly lower in SNX ϩ CL compared with both CL and SNX. This study demonstrates the existence of more heart and more kidney damage in a new model of combined CKD and HF than in the individual models. Such enhanced damage appears to be separate from systemic hemodynamic changes.
RECENTLY, A CLASSIFICATION of the Cardiorenal Syndromes according to event order and time frame has been proposed, based on the long-standing clinical presumption that failure of the heart and kidneys interact (11, 46, 47) . We previously defined the "Severe Cardiorenal Syndrome" (SCRS) as a syndrome where preexistent failure of either kidney or heart will amplify progression of failure of the other organ (11) . The increased risk for cardiac disease in advancing stages of chronic kidney disease (CKD) is now widely recognized (21) . When CKD is complicated by myocardial infarction (MI) or left ventricular (LV) systolic dysfunction, prognosis is dismal (2, 13) . Conversely, in heart failure (HF), decreased kidney function is independently associated with adverse outcome (12) . Nevertheless, exactly how this apparent organ-organ interaction works is unknown (8) . Cardiovascular disease is associated with increased incidence of kidney disease (17) , and, after MI, the decline of renal function may be accelerated (16) . Several patient studies assessed cardiac remodeling after MI in patients with CKD, but these yielded conflicting results regarding LV dilatation and systolic function (40, 54) . Underuse of appropriate medical therapy may also play a role in the worse prognosis of CKD patients experiencing an MI (7) . Lack of histological end points, selection bias, inconsistent definition of end points, and medication use leave us with many pathophysiological questions. Therefore, further exploration of the mechanisms of cardiorenal interactions must rely on animal studies, in which timing and severity of the disease are controlled, progression of disease can be followed, and histological end points are assessed.
In the rat CKD model of subtotal (5/6th) nephrectomy (SNX), cardiac systolic function is generally maintained (45, 49) . Conversely, after MI in rats, renal histological damage or proteinuria is absent, although glomerular filtration rate (GFR) may be decreased (4, 50) . Thus, it appears that both organs need to be affected to some extent to cause acceleration of damage and failure typical for the SCRS. Only few animal studies investigated the effect of "dual damage" to heart and kidneys. Dikow et al. (14) showed that rats with short-term uremia have larger MIs after ischemia-reperfusion injury than nonuremic controls, but they did not assess whether this was associated with worsened cardiac remodeling or failure. Two studies from the group of van Dokkum et al. (50) and Windt et al. (56) assessed the effect of MI shortly after a renal insult in rats. When uninephrectomy (UNX) was followed by MI 1 wk later, progressive proteinuria and glomerular damage developed (50) . Conversely, MI 2 weeks after SNX failed to worsen renal damage (56) . These studies may have been hampered by the absence (UNX) or short duration of uremia before MI and the absence of overt HF after MI. Thus, evidence is still lacking as to whether the presence of CKD as such adversely affects cardiac remodeling and cardiac dysfunction after MI and whether the resultant HF in turn further worsens renal injury and failure.
The present study investigated the nature of heart and kidney injury in a longitudinal animal model of CKD and MI-induced HF. We hypothesized that preexistent CKD worsens cardiac outcome after MI and conversely that HF following MI aggravates CKD. To study this interaction, we used rats with and without SNX and performed either coronary ligation (CL) or sham operation 8 wk later.
MATERIALS AND METHODS
Overall study setup. The study protocol was approved by the Ethics Committee on Animal Experiments of the University of Utrecht (Utrecht, The Netherlands). Male inbred Lewis rats (Lew/Crl; 180 -200 grams) were purchased from Charles River and housed in a climate-controlled facility with a 12:12-h light-dark cycle. At time (t) ϭ Ϫ1 wk, a two-stage SNX by resection or sham operation was performed as described (9) . Adequacy of the SNX procedure was confirmed by an increase in plasma urea. From t ϭ 1 wk onward, rats received standard powdered chow supplemented with 6% NaCl until the end of the study. In Lewis rats, high salt intake is required to induce fluid overload and hypertension after SNX (9) . Before left anterior descending coronary artery ligation (CL), every rat was monitored at least once by echocardiography. At t ϭ 9 wk, rats from both groups were either subjected to CL or sham operation. This resulted in four groups: control [CON (sham SNX ϩ sham CL; n ϭ 10)]; SNX (SNX ϩ sham CL; n ϭ 12); CON ϩ CL (sham SNX ϩ CL; n ϭ 9); and SNX ϩ CL (n ϭ 9). Rats were followed up to week 16. In vivo measurements were carried out in a selection of rats from the CON and SNX groups at week 8 before CL or sham surgery. After CL, in weeks 11, 13, and 15, all rats from each subgroup were measured. CON ϩ CL and SNX ϩ CL rats without visible MI on echocardiography and an ejection fraction (EF) Ͼ40% at week 11 were excluded from the study. EF was calculated from end-diastolic and end-systolic volumes obtained with the area-length calculation, on B-mode cine loops recorded in the parasternal long axis view (9) . Based on these criteria, ϳ45% of animals qualified for further study. The other rats were excluded because they either had no infarction or a small/medium infarction with EF Ͼ40%. In week 16, invasive hemodynamic measurements of the LV were performed, rats were killed, and organs were removed, weighed, and processed for histological quantification and determination of mRNA expression.
Surgical procedures. Subtotal nephrectomy was performed by resection as described (9) . In short, the right kidney was removed under isoflurane anesthesia and buprenorphine analgesia and weighed. One week later, the poles of the left kidney were excised with a total weight ϳ2/3rds of the previously removed right kidney. For CL, rats were anaesthetized with isoflurane and buprenorphine, intubated, and ventilated according to the settings advised by Horstick et al. (26) . After a left thoracotomy, the left descending coronary artery was ligated with a 5/0 Ethibond suture without externalizing the heart. Lidocaine (10 mg/kg) was administered perioperatively to reduce the risk of fatal arrhythmias (36) .
In vivo measurements. We performed tail cuff systolic blood pressure (SBP) registration and collected 24-h urine samples for determination of creatinine, stable nitric oxide (NO) metabolites (NO x), thiobarbituric acid substances (TBARS), and protein excretion, with the rats in individual metabolic cages while fasting, as described (9) . Echocardiography was performed as described previously (9) . We used the echocardiographic images to determine differences in infarct scar size at week 11 by calculating the ratio of the length of the thin, akinetic, part of the LV divided by the total LV circumference in diastole, measured through the middle of the ventricular wall in the long axis and short axis views. After echocardiography, a blood sample (0.5 ml) was collected in EDTA for determination of plasma urea and creatinine.
Hemodynamic measurements. Rats were intubated and ventilated with 2% isoflurane in 40% O2. The left jugular vein was cannulated for continuous infusion of saline. A Millar micropressure catheter (Millar Instruments, Houston, TX) was inserted in the LV via the right carotid artery. After a 15-min stabilization period, LV pressures were recorded with Chart software (ADInstruments, Spechbach, Germany) at three separate intervals of 5-10 s with the ventilator turned off. Hemodynamic data were calculated using the Chart Blood Pressure module (ADInstruments) for the following parameters: maximum LV pressure, end-diastolic pressure (EDP), the maximal rate of pressure increase (maximum dP/dt) and pressure decrease (minimum dP/dt), and the exponential time constant of active relaxation (tau). Mean arterial pressure (MAP) was calculated from pressure data registered in the carotid artery, from which systemic vascular resistance index (SVRI) was calculated by dividing it by the level of cardiac index (CI) derived from echocardiography.
Histochemistry. Glomerulosclerosis and tubulointerstitial damage were scored on periodic acid-Schiff (PAS)-stained kidney sections (29, 30) . Glomerulosclerosis was scored on 50 separate glomeruli by quadrants, on a scale of zero to four, where zero means no quadrant affected and four means that the whole glomerulus was affected. Gross glomerulosclerosis score was calculated as a summation of (n glomeruli) ϫ (score)/50. Tubulointerstitial infiltrate and fibrosis, and tubular atrophy and dilatation, were scored in 20 fields. Gross tubulointerstitial injury score was calculated as the sum of these three scores. Cardiomyocyte area was measured on PAS-stained myocardial slices in sections with transversely cut myocardial fibers (in remote myocardium in hearts with MI) by tracing the cellular border on photomicrographs of at least 50 different cardiomyocytes with a computer-assisted image analysis system (OptiMas, Houston, TX) in a blinded manner. Infarct scar size was measured on photomicrographs of transverse sections of the heart stained with Sirius Red by dividing the length of the infarct scar by the circumference of the total LV section, traced in the midwall using ImageJ software (44) . Fibrosis was measured on photographs of transverse sections (in remote myocardium of hearts with MI) stained with Sirius Red. Photographs were taken using a polarization filter and analyzed using Adobe Photoshop and ImageJ software. All measurements were performed by an experienced technician blinded to the group allocation.
Immunohistochemistry. Macrophages were stained with an antibody to ED1 as described (3a) . Lymphocytes were stained with an antibody to CD3 (1:200) (Dako) after heat antigen retrieval in citrate buffer (pH 6.0), blocking with avidin/biotin (Vector) and goat serum. Brightvision-horseradish peroxidase (HRP) was used as secondary antibody (Immunologic). Positive cells were visualized with Vector Nova Red (Vector) and counterstained with hematoxilin. ED1-and Table 1 . Biometric parameters at week 15
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Creatinine clearance, ml · min Ϫ1 · 100 g body wt CD3-positive cells were counted in left kidney and left ventricle. In kidney sections, positive cells in 50 glomeruli and 20 peritubular areas were counted; in left ventricle sections, 20 fields were counted (magnification ϫ400). Smooth muscle cells in left ventricle sections were stained with an antibody to ␣-smooth muscle actin (␣-SMA, 1:600; ABcam, Cambridge, MA) after heat antigen retrieval in EDTA buffer (pH 9.0); Brightvision-HRP was used as secondary antibody (Immunologic). Positive cells were visualized with Vector Nova Red (Vector) and counterstained with hematoxilin. Stained sections were scanned (ScanScope XT; Aperio) and digitally analyzed using Aperio ImageScope Software. In sections with transversely cut myocardial fibers, the short axis of small (Ͻ20 M) ␣-SMA-positive vessels was measured in five equal-sized fields.
Quantitative polymerase chain reaction. Expression of brain natriuretic peptide (BNP; Rn00580641), connective tissue growth factor (CTGF; Rn00573960) in cardiac apical tissue, and of a number of components of the renin-angiotensin system (RAS) and plasminogen activator inhibitor-1 (PAI-1; Rn IDs listed in Table 5 ) was assessed by qPCR as described (55) . Cycle time (C t) values were normalized for mean Ct values of calnexin (Rn00596877) and ␤-actin (Rn00667869), which we previously determined to be the two most stable housekeeping genes across all groups.
Nitrotyrosine. Western blots of 3-nitrotyrosine content of heart and kidney tissue were performed as described (10) .
Statistical analysis. Data are presented as means Ϯ SD. Data were analyzed and graphed using SigmaPlot 11.0 (Systat Software, San Jose, CA). Two-way ANOVA with the Student-Newman-Keuls (SNK) post hoc test was done per time point across all groups and three-way ANOVA with SNK post hoc test across all time points and groups. Differences between week 8 and week 11 were tested by one-way ANOVA with the Holm-Sidak post hoc test with data in week 8 as reference. Data that were not normally distributed were log-transformed or ranked to achieve normality. Statistical significance was reached with P values below 0.05.
RESULTS

General characteristics.
Rats with SNX had a lower body weight than their nonuremic counterparts, which was not further lowered by subsequent MI (Table 1) . Acute postoperative mortality after CL (within 48 h) was similar in SNX rats (28%) and CON rats (22%). Two out of nine animals (22%) died in the SNX ϩ CL group after CL (one in week 12 and one in week 14) . There was no long-term mortality in the other groups.
SBP, renal variables, NO x , and TBARS excretion. Rats with SNX developed stable hypertension with SBP of ϳ160 mmHg (Fig. 1A) . In both groups with MI, SBP was lower than their respective controls, with a larger difference in SNX ϩ CL vs. SNX. Subtotal nephrectomy caused chronic stable elevations in plasma urea and creatinine from week 6 onward (data not shown), and creatinine clearance was reduced (Table 1) . These renal variables were not significantly affected by CL, in either CON ϩ CL or SNX ϩ CL rats. Proteinuria was not higher in SNX ϩ CL rats vs. SNX alone (Fig. 1B) . On the other hand, 24-h NO x excretion was significantly lower in SNX ϩ CL rats compared with both CON ϩ CL and SNX rats, with a statistically significant interaction between SNX and CL (P Ͻ 0.05; Fig. 1 . A: tail cuff systolic blood pressure (SBP; mmHg). In subtotally nephrectomized (SNX) ϩ coronary ligation (CL) vs. SNX rats, the difference in SBP after myocardial infarction (MI) was larger than in control (CON) ϩ CL vs. CON rats. B: proteinuria was not affected by heart failure induced by CL. C: urinary NO metabolites (NOx) excretion was significantly lower in SNX ϩ CL. Mean Ϯ SD. If not visible, the error bars fall within the symbol. *P Ͻ 0.05, **P Ͻ 0.01, and ***P Ͻ 0.001 vs. CON. $P Ͻ 0.05, $$P Ͻ 0.01, and $$$P Ͻ 0. 1C ). There were no significant differences in 24-h TBARS excretion (data not shown).
Renal injury and inflammation. The left kidney remnant showed marked hypertrophy in all SNX animals, with no additional effect of CL (Table 2) . Tubulointerstitial damage was present in both SNX groups without an effect of CL in either SNX or CON rats ( Table 2 ). The gross glomerulosclerosis scores per group (Fig. 2A) show that glomerular injury was increased significantly in the SNX ϩ CL group compared with both SNX and CL alone. In SNX, predominantly severe focal segmental glomerulosclerosis was seen (Fig. 2B) . A small increase in mild glomerulosclerosis (1 quadrant affected; score 1) was apparent in animals with CL alone. In SNX ϩ CL, the number of diseased glomeruli was increased across the spectrum of glomerulosclerosis but was most apparent in the number of glomeruli in which one or all quadrants (severe glomerulosclerosis, score 4) were affected. This led to a nearly 50% decrease in the percentage of unaffected glomeruli compared with SNX alone. The number of inflammatory cells (CD3-positive lymphocytes and ED1-positive macrophages) was increased in both glomeruli and tubulointerstitial area in both SNX groups, without an effect of CL in either SNX or CON rats (Table 3) .
Cardiac structure and function as assessed by cardiac sonography. Given the differences in body weight (Table 1) , cardiac parameters are expressed per 100 gram body weight, where applicable. Rats with SNX ϩ CL had a slightly lower heart rate at week 15 (Table 1) , and CI was significantly lower than that of SNX rats, but also borderline decreased compared with rats with CON ϩ CL (P ϭ 0.065). Subtotal nephrectomy alone induced progressive end-diastolic dilatation, which was most prominent at week 15 (Fig. 3A) . CL alone was associated with an increase in cardiac volume that was stable during follow-up. In SNX ϩ CL, cardiac dilatation was significantly worse (P Ͻ 0.001) compared with that in CON ϩ CL and SNX at week 11. The difference between the SNX ϩ CL and SNX groups (0.280 Ϯ 0.037 vs. 0.162 Ϯ 0.035 ml/100 g body wt, respectively) was almost two times that between the CON ϩ CL and CON groups (0.193 Ϯ 0.031 vs. 0.133 Ϯ 0.025 ml/100 g body wt, respectively), and two-way ANOVA identified a significant interaction between SNX and CL at this time point (P ϭ 0.01). Values of end-diastolic volume index remained significantly higher in the SNX ϩ CL group vs. CON ϩ CL during follow-up. Rats with SNX alone exhibited a steady decline in EF over time, and CL rats had significant systolic dysfunction from week 11 onward (Fig. 3B ). In rats with the combined intervention, EF was not significantly different from that in CON ϩ CL at week 11 but thereafter started to decline and was significantly lower in SNX ϩ CL vs. CON ϩ CL rats. Although SNX ϩ CL had a larger end-diastolic volume index at week 15, their stroke volume (data not shown) and stroke volume index were grossly decreased, suggesting further decompensation (Fig. 3C) . The fractional infarct scar size was similar between CON ϩ CL and SNX ϩ CL at week 11 measured on echocardiographic images in both the long axis (31.
Invasive cardiac hemodynamics. Table 4 shows LV hemodynamic data acquired in week 16. Decreases in LV maximum pressure and maximal rate of pressure increase (maximum dP/dt) were observed that were larger in SNX ϩ CL than in CON ϩ CL vs. their respective non-CL groups, similar to the differences observed by tail cuff SBP. LV EDP was additively raised in CON ϩ CL, SNX, and SNX ϩ CL, respectively. Minimum dP/dt, the maximal rate of pressure decline during diastole, was not different between SNX and CON but reduced in both CL groups compared with their respective controls. On the other hand, tau, the time constant of active diastolic relaxation, was prolonged in SNX animals and even further worsened in SNX ϩ CL (Fig. 4) . SVRI, as an indication of its contribution to afterload, was significantly higher in rats with SNX and SNX ϩ CL compared with their respective non-SNX controls. There was no further increase in SVRI in SNX ϩ CL.
Cardiac ventricle weights, histology, and inflammation. Weight of the LV corrected for body weight was slightly increased in CON ϩ CL and grossly increased in SNX (Table  2) . Rats with SNX ϩ CL showed decreased corrected LV weight compared with SNX alone, but this was still significantly higher compared with rats with CL alone. The interaction between SNX and CL was highly significant (P Ͻ 0.001). Assessment of body weight-corrected right ventricle (RV) weight and wet lung weight revealed that both were borderline increased in SNX and slightly more so in animals with CL only. Both parameters were additively worsened in SNX ϩ CL. Cardiomyocyte area in the LV, as a measure of cellular hypertrophy, was increased in CL and SNX alone similar to the changes in LV mass but was not further increased in SNX ϩ CL. Myocardial infarct scar size, determined on transverse Sirius Red-stained cardiac slices, was not significantly different between CON ϩ CL and SNX ϩ CL. Myocardial fibrosis (in remote myocardium of hearts with MI) was not affected by MI, and slightly lower in SNX alone vs. CON, in line with the sonography data ( Table 2 ). There was a progressive decrease in median diameter of small arterioles (Ͻ20 m) in the noninfarcted part of the left ventricle, with the lowest values being present in the SNX ϩ CL group (Fig. 5) . The number of CD3-positive lymphocytes in the remote myocardium was not different between groups. ED1-positive macrophages were increased in the remote myocardium after MI vs. CON rats (Table 3) .
Renal and cardiac gene expression and nitrotyrosine content. In the remnant kidney, gene expression of renin, prorenin receptor, and angiotensin-converting enzyme (ACE1) was significantly downregulated without or with CL, and the same tendency was observed for angiotensinogen (AGT) and the AT 1 receptor. Only renin expression was increased in the kidney of CON ϩ CL (P Ͻ 0.05; Table 5 ). Gene expression of BNP and CTGF was assessed by qPCR in apical heart tissue. Expression of both proteins showed a similar numerical pattern of stepwise upregulation in CON ϩ CL, SNX, and SNX ϩ CL (Fig. 6) , and there was a correlation between the individual levels of expression of these proteins on a log10 scale across these three groups (r ϭ 0.765; P ϭ Ͻ0.001). In the apex of the left ventricle, only ACE1 gene expression was significantly increased in SNX and, although somewhat less, SNX ϩ CL. Although AGT, ACE2, and the AT 1 receptor all tended to increase in CON ϩ CL, only ACE2 reached significance (P Ͻ 0.05). Parallel to CTGF, the angiotensin and aldosterone target PAI-1 (37) tended to increase across groups, reaching the highest level in SNX ϩ CL (Table 5 ). There were no differences in 3-nitrotyrosine content between groups in either kidney or heart (data not shown).
DISCUSSION
Combined heart and kidney failure leading to a vicious cycle, in an acute and in a chronic setting and irrespective of which organ initially fails, is currently the subject of active debate (11, 46, 47) . The present study shows worsening of organ damage in a rodent model of CKD induced by SNX followed by HF induced by CL. This model, with some limitations, reflects chronic human cardiorenal failure and provides a feasible, albeit technically challenging, model of the SCRS.
Renal changes in combined CKD and HF. Subtotal nephrectomy induced CKD, as evidenced by reduced GFR, progressive proteinuria, and substantial glomerulosclerosis and tubulointerstitial injury with an increased number of inflammatory cells in both compartments. When CKD and HF were combined, glomerulosclerosis worsened, which may be explained by more pronounced glomerular hypertension. Indeed, glomerular hypertension due to Fig. 2 . Focal segmental glomerulosclerosis (FSGS) scores, which indicate the severity of glomerular damage by the no. of quadrants that are affected. 0, Healthy glomeruli; 1, 25% damage; 2, 50% damage; 3, 75% damage; and 4, totally sclerotic. A: gross glomerulosclerosis score was significantly greater in the SNX ϩ CL group. B: distribution of separate glomerulosclerosis scores per group. Glomerulosclerosis was significantly worsened in SNX ϩ CL rats compared with SNX and CON ϩ CL rats. Mean Ϯ SD. *P Ͻ 0.05, **P Ͻ 0.01, and ***P Ͻ 0.001 vs. CON. $P Ͻ 0.05, $$P Ͻ 0.01, and $$$P Ͻ 0.001 vs. CON ϩ CL. #P Ͻ 0.05 and ##P Ͻ 0.01 vs. SNX. efferent arteriolar vasoconstriction has been documented in rats with SNX (3), as well as MI and HF (27) . Because more pronounced glomerulosclerosis occurred while blood pressure was lower, this suggests a strong dissociation of intraglomerular and systemic hemodynamics and/or direct glomerular damage by neurohormonal factors such as activation of the RAS. However, as in previous reports in subtotal nephrectomy (22, 25, 52) , gene expression of RAS components in the remnant kidney was decreased rather than increased, suggesting that other factors such as low NO availability, may have contributed. Indeed, based on NO x excretion, whole body NO production appeared to be decreased in SNX ϩ CL, and it is well known that NO synthase (NOS) inhibition induces focal glomerular collapse and glomerulosclerosis (53) . Experimental CKD induced progressive proteinuria over time; this was not worsened by combined CKD and HF. Remarkably, levels of tail cuff SBP and carotid artery MAP were lower in the SNX ϩ CL group, and GFR (creatinine clearance) was not different. Proteinuria can dissociate from changes in BP and GFR, pointing to an intrinsic renal effect (9, 31) . In patients with HF, albuminuria was found to be independent of systemic blood pressure as well but increased when renal blood flow decreased (48) . The fact that the worsened glomerulosclerosis was not associated with an increase in proteinuria in both the CON ϩ CL and SNX ϩ CL group may be due to the type of damage that occurred. In both groups, an increase in mild glomerulosclerosis (score 1; 25% damage) was documented that may be too mild to cause protein leakage, since no proteinuria was observed in rats with CON ϩ CL. In the SNX ϩ CL group, however, a significant increase in glomerulosclerosis score 4 was also observed. These glomeruli are totally sclerotic, often collapse, become nonfunctional, and hence will not leak protein at all. The absence of a significant effect of CL on proteinuria is also reflected by the unchanged number of tubulointerstitial inflammatory cells. Generally, there is a close correlation between proteinuria and tubulointerstitial inflammatory cell number (29) . Subsequent HF after CKD induction did not further aggravate the decrease in GFR, despite a significant decrease in SBP and cardiac output. With intact renal autoregulation, GFR only decreases when blood pressure falls below the autoregulatory range. Although we realize well that we have no direct proof for a mechanism, GFR could be maintained due to above-described changes in glomerular pressure. The increased glomerulosclerosis, as well as maintained GFR in the face of obviously decreased renal perfusion pressure, are compatible with increased efferent arteriolar vasoconstriction. A reduction in GFR due to the more severe renal injury may become evident with longer follow-up, although the creatinine clearance may not be sufficiently accurate to monitor this due to a catabolic state or low tubular flow.
Decreased NO production, as evidenced by decreased NO x excretion, was found in the SNX ϩ CL group. Chronic NOS inhibition by itself causes glomerular injury (6) and worsens glomerular damage in rats with SNX (18) . Furthermore, NO can dampen the vasoconstrictor effects of the RAS and sympathetic nervous system in the kidney (19, 42) , and this was found to be decreased in rats with chronic HF (28) . Thus, reduced NO availability could have played a role in the observed renal changes in the SNX ϩ CL group. Excretion of NO x at week 15 was not decreased in rats with either CL or SNX. The latter finding is in agreement with previous observations by our group, since NO excretion was only mildly reduced 8 wk after SNX previously (9). When SNX and CL were combined, NO x excretion was significantly decreased, with a statistically significant interaction between SNX and CL. The reduced NO x excretion is most likely due to decreased production of NO, either by a shortage of substrate and/or cofactors, a reduction in NOS enzyme density or function, an increase in endogenous inhibitors (e.g., asymmetric dimethylarginine), or a combination of these (5) . Besides issues with the NOS enzyme quantity and function, a decrease in blood flow due to a decrease in cardiac output in vascular beds relevant for systemic NO production can possibly result in a decrease in systemic NO. Interference from dietary intake was minimized by fasting the rats during urine collection. Reduced renal clearance is unlikely to explain a decrease in excretion of NO x because these are freely filtered and in the steady state equal total production.
We recently showed that transient low-dose NOS inhibition during development of CKD in rats induces permanent severe LV systolic and diastolic dysfunction (9) . This was associated with permanently decreased NO x excretion, long after cessation of NOS inhibition. We originally proposed that a loss of NO availability is one of the Cardiorenal Connectors, contributing to the pathophysiology of cardiorenal failure (11) . The finding of decreased NO production in both this model of structural cardiorenal failure and our previously described model of functional cardiorenal failure strongly suggests that reduced NO production plays an important role in the SCRS.
Cardiac changes in combined CKD and HF. In rats with SNX ϩ CL, cardiac dilatation was aggravated after MI. Increased preload or afterload can worsen dilatation after MI by increasing wall stress (41) . Although cardiac volumes were not significantly larger in SNX vs. CON before CL, LV pressures may well have been higher due to hypertension and LV hypertrophy, leading to worsened dilatation after CL. However, after CL, the drop in SBP was much greater in SNX ϩ CL than in CON ϩ CL. Levels of SBP did not change significantly over time, and the terminal carotid artery MAP measurements showed a similar pattern. Furthermore, SVRI in SNX ϩ CL was similar to that in SNX, which suggests that afterload was not a likely causative factor for further dilatation and functional deterioration. Neurohormonal factors, like the observed increase in renal renin and cardiac ACE gene expression and the decrease in whole body NO availability, could have aggravated the remodeling process as well, by worsening fluid retention and cardiac damage. Dikow et al. (14) showed that in rats with SNX the size of the nonperfused area at risk, i.e., the vascular territory supplied by the left anterior descending coronary artery, was similar to that in control rats. Also, in a study by Windt et al. (56) , CL 2 wk after SNX in rats yielded similar infarct sizes as in controls when assessed 10 wk later. In our study, a larger infarct size as cause for the increased dilatation and worsened function in SNX ϩ CL vs. CON ϩ CL is also unlikely, since infarct size was similar between both CL groups 2 wk after infarction. We assessed fractional infarct size by echocardiography, which correlates well with histological determination of infarct size (57) . Furthermore, there was no difference in fractional infarct size at the end of the study. Thus, infarct size expansion over the course of the study likely did not play a role in the worsened cardiac outcome in rats with SNX ϩ CL compared with those with only SNX or CL. Alternatively, vascular rarefaction in the myocardium may play a role as originally hypothesized Data as means Ϯ SD; n, no. of rats. Maximum LVP, maximum left ventricular pressure; EDP, end-diastolic pressure; maximum dP/dt, maximal rate of pressure increase; minimum dP/dt, maximal rate of pressure decline; SVRI, systemic vascular resistance index. *P Ͻ 0.05, **P Ͻ 0.01, and ***P Ͻ 0.001 vs. CON. $P Ͻ 0.05, $$P Ͻ 0.01, $$$P Ͻ 0.001 vs. CONϩCL. #P Ͻ 0.05, ##P Ͻ 0.01, ###P Ͻ 0.001 vs. SNX.
by Amann et al. (1) . Although our samples could not be stained for endothelial markers due to technical problems, we assessed the diameter of small arterioles (Ͻ20 M) as a proxy of capillary density. Interestingly, there was a progressive decrease from CON to SNX ϩ CL. We believe that this observation supports the notion that capillary rarefaction is present in SNX ϩ CL based on the reasoning that capillary rarefaction inevitably leads to remodeling of precapillary resistance vessels. Conceivably, such vascular rarefaction limits LV hypertrophy, which indeed appeared to be impaired in the SNX ϩ CL group when compared with SNX alone. Cardiomyocyte dimensions were as high in SNX ϩ CL as in either CON ϩ CL or SNX. Thus, there was no additive effect of, or interaction between, the two interventions in this respect. The simplest explanation is that, despite the coincidence of two discrete stimuli for cardiac hypertrophy, the maximum crosssectional area of a cardiomycoyte in the rat is ϳ700 m 2 (15) . Cardiac load may have been worsened in SNX ϩ CL, since gene expression of BNP and CTGF was slightly, albeit not significantly, higher compared with the SNX group. Similarly to what was found in a model of pressure overload, mRNA expression levels of these proteins were correlated (34) .
Impaired diastolic relaxation has been documented in rats with CKD (49) , and the increased EDP and tau, a relatively loadindependent measure for active diastolic relaxation (51) , indicate that there is worsening of diastolic dysfunction in SNX ϩ CL rats. This could well be associated with more pulmonary congestion, corroborated by the observed increases in RV and lung weight. Despite a progressive decrease in EF, cardiac output was maintained in rats with CKD alone. The maximum dP/dt, as an index of pressure generation, was increased in CKD rats compared with controls, similar to findings of others in in vivo models (32, 56) and in an isolated heart set-up (24) . This suggests that, in rats with CKD, contractility is maintained or compensated by higher preloads. Increased dilatation after MI is associated with adverse outcome in patients, even though a decline in systolic function may not be apparent in the early phase (20) . Similarly, systolic function was not lower in SNX ϩ CL rats at week 11 compared with MI rats. The observed mild bradycardia may be a compensation for diastolic dysfunction. However, during follow-up, EF in Table 5 . Gene expression of renin-angiotensin system components in kidney and heart Gene Rn CON CL SNX SNX ϩ CL SNX ϩ CL rats fell to significantly lower levels, and the mortality rate was 22% in this group. Therefore, the acutely worsened dilatation appears to be associated with a poorer long-term outcome in the SNX ϩ CL animals. The larger difference in maximum developed LV pressure and maximum dP/dt in rats with combined CKD and HF also suggests an exacerbated loss of contractile performance compared with rats with CKD alone, especially because SVRI was similar. Furthermore, the higher EDP and end-diastolic volume (i.e., preload) observed in SNX ϩ CL rats did not lead to a higher output in these animals, suggesting that these rats have worsened HF and decompensation. This was supported by the increased lung weight and RV hypertrophy. In summary, the worsened HF after MI in rats with preexistent CKD was due to a combination of aggravated diastolic and systolic dysfunction. Note that poor cardiac outcome occurred in the absence of interstitial fibrosis in the distant myocardium, underlining the importance of functional changes, possibly secondary to myocardial hypoxia, in our model. It should be noted that we excluded rats with a relatively small infarct size resulting in an EF Ͼ40%. The outcome could well have been different if we had included rats with smaller infarcts (56) . Constitutive NO production supports basal cardiac function, and NOS inhibitors cause structural and functional derangements in the heart (33, 35, 39) . We recently documented that systemic NO availability plays an important role in modulating cardiac function in CKD rats (9, 10) . NO appears to be especially important for diastolic function in normal and diseased hearts (23, 38, 43) . The reduced NO availability could well have played a role in the worsened HF and further decompensation of rats with SNX ϩ CL.
Taken together, the present study shows that, in a combined model of CKD and HF, worsening of organ damage occurs. Although GFR was maintained at similar levels in the animals with CKD and HF compared with rats with CKD alone, they displayed more severe glomerulosclerosis. The fact that this occurred at lower systemic blood pressures and cardiac output than in animals with CKD alone indicates that this may not be mediated by systemic hemodynamic factors but likely by substantial alterations in intraglomerular hemodynamics or NO availability. The presence of CKD did not lead to a larger infarct size after MI. However, aggravated cardiac dilatation occurred shortly after MI. Ultimately, this was associated with a lower EF, worsened diastolic dysfunction, further decompensation, myocardial vascular rarefaction, and mortality. This makes it a suitable model to further understand mechanisms and therapeutic options in the SCRS. Reduced NO availability in the SCRS may mediate both the worsened glomerulosclerosis and the exacerbated cardiac remodeling, vascular rarefaction, and dysfunction, and NO deficiency is probably one of the major Cardiorenal Connectors. The discrepancy between the worsened glomerulosclerosis and unchanged GFR leads to the question whether CKD patients who suffer from MI and HF develop aggravation of renal injury that goes undetected using standard renal markers.
